Evolutionary analyses of West Nile virus (WNV) have been limited by uneven sampling across geographic regions and over time. In this study, an expanded data set of 68 WNV envelope gene sequences from the Midwest (Illinois) was created and combined with published sequences to investigate spatial and temporal structuring in the United States viral population. Results indicate an overall lack of geographic structure to WNV in the United States, supporting the notion of WNV as a rapidly expanding pathogen not significantly restricted in its spread by geographic distance. However, analyses of viral genetic diversity show a steady increase in WNV nucleotide-level diversity over time. Additionally, evolutionary rate calculations indicate that WNV has evolved at approximately 0.85 × 10 − 3 substitutions/site/year, largely through neutral substitution and purifying selection. Overall, these results show WNV across the United States to be a panmictic viral population that is diversifying and evolving.
Introduction
West Nile virus (WNV; Flaviviridae; Flavivirus) is a single stranded, positive-sense RNA virus member of the Japanese encephalitis (JE) serocomplex that is transmitted primarily through the bite of infected mosquitoes. WNV was first isolated and identified in Uganda in 1937 (Smithburn et al., 1940) and was introduced into the USA approximately 60 years later (Lanciotti et al., 1999) . After its initial appearance in New York in 1999 (Lanciotti et al., 1999) , WNV spread rapidly throughout the United States, Canada (Gancz et al., 2004) , and Mexico (Estrada-Franco et al., 2003) . The virus is now endemic in North America.
Initial investigations of WNV indicated that the virus appeared to have low genetic variability (Anderson et al., 2001; Lanciotti et al., 2002; Beasley et al., 2003) . The requirement for the virus to maintain infectivity in both vertebrate hosts and insect vectors has been cited as a constraint accounting for this property (Jerzak et al., 2005) . Nevertheless, more recent research has suggested that a dominant strain may have begun to replace earlier North American WNV variants (Davis et al., 2005) . The rate at which WNV in the United States may be evolving or adapting to local conditions is currently unclear.
To date, studies of the evolution of WNV in the USA have been hampered by lack of representative data from multiple geographic regions over multiple years. Conspicuously lacking have been adequate viral sequence data from the Midwestern United States, where the virus has had a profound impact on avian and human health. In 2002, Illinois led the nation in WNV-related human cases and deaths (Huhn et al., 2005) . Despite the importance of states like Illinois to the epidemiology of WNV, only six WNV genetic sequences from this region were available in GenBank as of June 2006.
To add to available WNV sequence data, and to enhance representation of the Midwestern U.S. region, we generated a large number of WNV envelope gene sequences from the state of Illinois, selected to span the widest possible range of geographic locations and times of collection. By combining our new data with published sequences from other regions of the country, we were able to conduct a relatively thorough examination of the geographic pattern of genetic diversity and rate of evolution of WNV within the USA.
Results
We generated 68 new WNV ENV sequences of 1575 nucleotides each, representing 28 Illinois counties, 9 host species, and four years (2002) (2003) (2004) (2005) . All new sequences, including information on source, collection date, and geographic origin, were deposited in GenBank (Accession No. DQ874402-DQ874469). A phylogenetic tree representing the relationships among these sequences and selected sequences from the literature is shown in Fig. 1 . Little geographic substructuring is evident in the tree, in that major sub-clades (similar to those identified by Davis et al., 2005) contain sequences from different regions of the United States. The position of the Israel 1998 sequence (AF841864) within the North American clade is probably spurious, resulting from small numbers of phylogenetically informative nucleotide positions; Davis et al. (2005) have previously noted this phenomenon in trees built from partial genome sequences. Table 1 shows the results of hierarchical analyses of molecular variance conducted to examine geographic and temporal subdivisioning within WNV (184 sequences included). Most WNV genetic diversity is contained within years or within States (91% and 89% of total variance, respectively, P < 0.001 for both values). Temporal subdivisioning among years and geographical subdivisioning among regions/within states are low but statistically significant (8.7% and 11.29%, respectively, P < 0.001 for both values). Results did not differ substantially when the analysis was repeated on 33 complete WNV genomes from the published literature (93% and 91% of total variance within years and states, respectively, 7.21% of total variance among years, and 19.7% of total variance among regions/within states).
Based on results from our analyses of molecular variance (AMOVA), we investigated changes in the genetic diversity of WNV within the Midwest over time. We considered only the Midwest because this was the only region where we had adequate sample sizes from 2002 to 2005. We expressed genetic diversity as nucleotide diversity (Nei, 1987) , or mean proportion of nucleotide differences among sequences within each year, corrected for multiple substitutions using the same model of molecular evolution used during phylogenetic analyses. Results of our analysis of WNV evolutionary rate (Fig. 3 ) show a positive and significant association between evolutionary distance from the United States common ancestor and time (R 2 = 0.29, t = 7.0, P < 0.0001). The rate estimate generated using a Bayesian method incorporating relaxed molecular clock assumptions implemented with the computer program BEAST (Drummond and Rambaut, 2003) was 0.85 × 10 − 3 , with 95% confidence limits of 0.66 × 10 − 3 to 1.06 × 10 − 3 . Synonymous substitutions account almost entirely for this rate of evolution (R 2 = 0.20; t = 5.38; P < 0.0001); inferred numbers of nonsynonymous substitutions were not significantly related to time (R 2 = 0.018; t = 1.49; P = 0.14).
Discussion
Our results demonstrate that WNV within the United States, as represented by the ENV gene, shows very little geographic subdivisioning at regional scale. The overall topology of our tree ( Fig. 1) is consistent with previous studies showing broad geographic admixture among isolates and the presence of a basal coastal Texas clade (Davis et al., 2005) . However, we have documented significant temporal subdivisioning in the virus, manifest both as an increase in genetic diversity over time b Probability of obtaining a more extreme variance component and Φ statistic than the observed values by chance alone, calculated from 16,000 random permutations of the data, implemented with the computer program ARLEQUIN, version 3.01 (Excoffier et al., 2005) . within the Midwest and as a significant rate of neutral evolution for the viral population across the USA. Our evolutionary rate data are consistent with the introduction of WNV into the USA in 1999, in that our analysis could not exclude 1999 as the year of the last common ancestor of all United States WNV sequences.
The low degree of geographic subdivisioning evident in our analyses indicates that ample viral gene flow has occurred among regions of the USA since the introduction of WNV. This may reflect rapid spread of the virus from the Northeast to the rest of the country and the occurrence of multiple long-distance transmission events. Patterns of bird migration within the USA might have predicted a different result; migratory pathways are used to explain, at least in part, the movement and spread of avian infections, such that Eastern, Midwestern, and Western regional differences in WNV might have been expected (Reed et al., 2003) . Moreover arthropod populations maintain WNV infection locally and over the winter , which might also be expected to foster the evolution of geographically localized viral subtypes. Nevertheless, our data showed no such geographic substructure. This conclusion is unlikely to be an artifact of the gene region selected (ENV), since an analysis of 33 whole WNV genome sequences from the literature yielded essentially the same results.
Other studies have claimed that WNV in the USA is a relatively static virus (Lanciotti et al., 2002; Beasley et al., 2003) . Our findings, however, demonstrate that WNV is evolving at a steady rate. Rima et al., 1997) . We caution that the evolutionary rate of WNV could differ in different parts of the world, especially if more temperate climates lead to decreased seasonality in viral transmission and/or to increased numbers of viral genome replication cycles due to direct temperature effects (Weaver et al., 1999) . Although the evolution of the WNV ENV gene shows an overall pattern of drift and purifying selection, the continued accumulation of mutational changes in WNV raises concerns, since variants of the virus that display divergent biological properties could evolve by chance. Even minor amino acid substitutions can account for such phenotypic changes in WNV, as has been shown by the presence of single-residue attenuating substitutions in Mexican isolates of the virus (Beasley et al., 2004 ). Because we have also documented a steady increase of WNV genetic diversity with time, the likelihood of such events may be increasing.
The overall pattern of lack of geographic substructure, drift, and purifying selection that we have documented for WNV is similar to patterns described for other arboviruses that are also transmitted through avian enzootic hosts (e.g. Western equine Genetic diversity is expressed as nucleotide diversity (Nei, 1987) , or mean proportion of nucleotide differences among sequences within each year, corrected for multiple substitutions using a model of molecular evolution derived from a hierarchical likelihood ratio test approach implemented using the computer program Modeltest, version 3.7 (Posada and Crandall, 2001 ). Lines and small error bars indicate means and standard errors, respectively. Boxes indicate third quartiles, and large error bars indicate ranges. The solid line is a least squares regression line indicating the rate of increase of viral genetic diversity over time (R 2 = 0.3626, t = 21.69, P < 0.0001). Sample sizes for each year are indicated in parentheses. Fig. 3 . Evolution of the WNV envelope gene in the United States. Black circles indicate mean evolutionary distances for all US sequences (n = 120) from their last common ancestor, calculated along the tree shown in Fig. 1 ; bars indicate standard errors. The dashed line is a least-squares regression line indicating that the WNV envelope gene has evolved significantly between 2002 and 2004 (R 2 = 0.2929, t = 6.992, P < 0.0001). White circles indicate observed evolutionary distances from the common ancestor for all sequences included in the analysis and are proportional in diameter to the number of sequences analyzed. Grey lines are least-squares regression lines derived from 1000 bootstrap replicates of the data; solid lines indicate 95% confidence intervals around the evolutionary rate estimate. The evolutionary rate of the WNV ENV gene was estimated from these data to be 0.85 × 10 − 3 , using the computer program BEAST (Drummond and Rambaut, 2003 ; see text for full explanation), which is marginally higher than the slope of the line shown (0.54 × 10 − 3 ).
encephalitis virus, North American Eastern equine encephalitis virus; Weaver et al., 1999; Weaver, 2006) . We caution, however, that this rate and pattern of WNV evolution may not be generalizable to other locations to which the virus has spread (e.g. Mexico, the Caribbean). Eastern equine encephalitis viruses, for example, have evolved at different rates in North America and South America, possibly reflecting local differences in temperature and/or enzootic transmission cycles (Weaver et al., 1994) . As WNV continues to evolve in North America, its rate and pattern of evolution may also begin to vary in response to local conditions. Overall, our results show that WNV in the USA is a geographically panmictic viral population that is nevertheless evolving and diversifying at a rate comparable to that of other positive sense RNA viral pathogens, and according to a pattern of drift and purifying selection characteristic of other arboviruses. Future monitoring of the rate and pattern of viral evolution in the USA will be critical for understanding how WNV may or may not begin to adapt to local conditions and/or host species.
Materials and methods

Sample collection
We collected tissues from infected animals that had been submitted to the Veterinary Diagnostic Laboratory at University of Illinois at Urbana-Champaign and the Centralia Animal Disease Laboratory of the Illinois Department of Agriculture between 2002 and 2005. The samples were all WNV positive as determined by immunohistochemistry. Samples were chosen to span the widest possible geographic range (28 different Illinois Counties, range of geographic distances between sample collection locations = 0-502 km), dates of isolation, and species of origin (Table 2 ). All samples were stored at − 80°C until RNA extraction.
We selected for sequence analysis the WNV Envelope (ENV) gene. This gene codes for a 53 kDa protein (Petersen and Roehrig, 2001 ) that represent the primary target for virusneutralizing antibodies (Rey et al., 1995; Beasley and Barrett, 2002) . In addition to being among the most variable of WNV genes, the ENV gene has also been shown to contain phylogenetic information that compares favorably with whole viral genome sequencing (Davis et al., 2005) . We added to our newly generated sequences all homologous United States WNV ENV gene sequences available in GenBank as of June, 2006.
RNA extraction, ENV gene amplification, and sequencing
We extracted total RNA from tissue samples using the Qiagen® RNeasy® Fibrous Tissue Mini kit (Qiagen, Valencia, CA), according to the manufacturer's instructions, performing the final elution in a 50 μl volume. To amplify the ENV gene, we used a long reverse transcription PCR followed by a subsequent amplification of two overlapping ENV gene fragments. Primer sequences are shown in Table 3 and were from Davis et al. (2005) . For the reverse transcription and initial PCR step, we used the Qiagen® OneStep RT-PCR kit with 2.5 μl RNA template. We followed the manufacturer's instructions and performed reactions in 25 μl volumes; reactions included 24 pM of each primer, 50 U of Invitrogen RNaseOUT (Invitrogen Life Technologies, Carlsbad, CA.) and 1 μg of bovine serum albumin. After the reverse transcription step (1 h at 48°C, 15 min at 95°C), we subjected reactions to 35 cycles of PCR as follows: 94°C for 30 s, 48°C for 30 s, 68°C for 2.5 min, followed by a terminal 10 min extension at 68°C and an indefinite soak at 4°C.
We used 1 μl of RT-PCR product as template for two subsequent amplifications of overlapping ENV gene segments with primers WNV-871 and WNV-1700c , and WNV-1595 and WNV-2666c the E1 segment and 59°C for PCR of the E2 segment), 72°C for 45 s, followed by 7 min terminal extension at 72°C and an indefinite soak at 4°C. We electrophoresed second-round amplicons in 1% agarose gels, which we stained with ethidium bromide and visualized under ultraviolet light. We purified amplicons from gels using the ZymoClean Gel DNA Recovery Kit (Zymo Research, Orange, CA) and sequenced them directly and in both directions with the same primers used for second-round PCR. Sequencing was performed at the University of Illinois Roy J. Carver Biotechnology Center. We hand edited all sequences and resolved ambiguous bases by repeated sequencing of both DNA strands.
Analyses
We aligned sequences using the computer program ClustalX (Thompson et al., 1997) . We conducted population genetic analyses with the computer programs Arlequin ver. 3.01 (Excoffier et al., 2005) and MEGA ver. 3.1 (Kumar et al., 2004) . To investigate spatiotemporal subdivisioning within the United States WNV population, we conducted analyses of molecular variance (AMOVA; Excoffier et al., 1992) . We tested the significance of spatiotemporal subdivisions using 16,000 permutations of the data, performed with Arlequin. To assess whether more complete sequencing of the WNV genome might show a different spatiotemporal pattern, we repeated our AMOVA analyses using 33 full length WNV genomes available from the literature (GenBank accession numbers AF196835, AF260976, AF404753-AF404756, AY289214, AY712945-AY712948, AY795965, DQ164186-DQ164206, and DQ211652).
For phylogenetic analyses, we first created a preliminary tree of all published United States sequences and selected from among these a subset of sequences representing all major viral clades, including those named in Davis et al. (2005) . To this set of sequences we added our newly generated unique sequences from Illinois. In both cases, we selected a model of molecular evolution using a hierarchical likelihood ratio test approach and the Akaike information criterion (Akaike, 1973) implemented with the computer program ModelTest ver. 3.7 (Posada and Crandall, 2001 ). We used Bayesian methods implemented with the computer program MrBayes ver. 3.1.1 (Ronquist and Huelsenbeck, 2003) to create a final phylogenetic tree and to assess statistical support for clades. Specifically, we executed a Markov chain Monte Carlo search for 1,000,000 generations using two runs with four chains (temperature = 0.05) and represented the results of the search as a 50% majority rule consensus tree. We calculated tree statistics and performed phylogenetic manipulations with the computer program PAUP* ver. 4.0b10 (Swofford, 2000) .
To examine the rate of WNV evolution within the United States, we used our final Bayesian tree to calculate root-to-tip distances between all United States sequences and their most recent common ancestor. We then conducted linear regression analyses on these distances using year of collection/isolation as a predictor variable. To test the significance of the regression, and to obtain 95% confidence intervals, we used a bootstrap approach in which we replicated the regression analysis using root-to-tip distances derived from 1000 bootstrap data sets generated using the Seqboot module of the computer program PHYLIP (version 3.65, Felsenstein, 2004) . To avoid potential problems of phylogenetic non-independence of sequences, we generated point estimates of the rate of evolution of the ENV gene, as well as 95% confidence intervals, using a Bayesian method that relaxes standard molecular clock assumptions (Drummond et al., 2006) , implemented with the computer program BEAST, version 1.3 (Drummond and Rambaut, 2003) . To examine selection in WNV ENV sequences, we estimated synonymous and non-synonymous substitution rates using the computer program DnaSP version 4.10.7 (Rozas et al., 2003) . We performed all statistical analyses and procedures with the computer program R (R Development Core Team, 2006) .
